We show that in a minimal extension of the MSSM by means of an extra U 1 gauge group, the negative mass-squared problem characteristic of the Anomaly Mediated Supersymmetry Breaking scenario is naturally solved by means of Fayet-Iliopoulos D-terms. We derive a set of sum rules for the sparticle masses which are consequences of the resulting framework.
The MSSM has (according to a recent census [1] ) 124 parameters; an obvious embarrassment, and any (principled) reduction of this alarming total is obviously worthy of examination. Hence there has been interest in a specific and predictive framework wherein the gaugino masses M a , the φ 3 coupling h ijk and the φφ * -mass m i j are all given in terms of a single mass parameter, m 0 , and the β-functions of the unbroken theory by simple relations that are renormalisation group (RG) invariant. These results for the soft terms were (with the exception of the solution for the gaugino mass) first developed by seeking solutions to the exact β-function equations [2] [3]; remarkably, it was then shown [4] [5] that they arise naturally if the supersymmetry-breaking terms originate in a vacuum expectation value for an auxiliary field in the supergravity multiplet. In this scenario, termed 'Anomaly Mediated Supersymmetry Breaking' (AMSB), m 0 is in fact the gravitino mass, and all the gaugino masses, soft φφ * masses and A-parameters are determined in terms of it [6] - [14] . Unfortunately, however, a minimal implementation leads inevitably to negative (mass) 2 sleptons. The simplest resolution is the introduction of a common scalar (mass) 2 , presumed to result from some other source of supersymmetry breaking. Theories with an extra U 1 have been studied as a means of parameterising deviations from the SM, and also for more positive reasons 2 . For example, in the supersymmetric case an extra U 1 can be used to explain the absence of dimension-4 R-parity violation (operators violating baryon and lepton number) [16] - [19] . Here we consider a minimal anomaly-free generalisation of the MSSM to the group G ⊗ U
1 Use of FI terms is also a feature of Ref. [9] , but in a different manner to that proposed here. 2 We note the suggestion [15] that there are already "hints" of the existence of an extra Z ′ at around 1TeV.
with the addition of an unspecified number N of G singlets (S i ) and a superpotential W of the full theory given by
Here
We retain Yukawa couplings only for the third generation, Q, L, t c , b c , τ c , and we will denote the corresponding fields of the other generations by Q, E, u c , d
c , e c . Let us define the U
We will assume that the quark and lepton assignments are generation independent, i.e.
this means that our model will, in fact, naturally suppress dangerous flavour violating processes. It is straightforward to show that gauge invariance and absence of gauge and gravitational anomalies involving U ′ 1 leads to the relations [18] :
(To obtain these relations it is not necessary to assume that
invariance of the µ s -term is a consequence of the framework [18] .) The U ′ 1 hypercharges s i of the fields S i must satisfy the constraints:
Suppose we prefer hypercharges to be rational; then the classification of solutions to Eq. (4) is an example of a well-known problem: finding the rational points on a n-dimensional surface. For example the rational points on the circle x 2 + y 2 = 1 are given by (x, y) = (1, −1) and 2q 1 + q 2 ,
where q is rational. The case N = 3 of Eq. (4) was analysed in Ref. [18] ; the solution is
where again q is rational. We will simply assume that for some N there exists an appropriate solution, and that the singlet sector provides the Z ′ vector boson with a sufficiently large mass term so that its mixing with the Z is adequately suppressed.
For simplicity we also choose to impose the condition Tr(Y Y ′ ) = 0. This prevents mixing of the U 1 and U ′ 1 kinetic terms for the gauge bosons (through the one loop approximation) 3 and leads to the relation:
The resulting hypercharges are shown in Table 1 , with the U 1 ones for comparison: With this assignment we indeed prevent the dimension-4 R-parity violating operators.
In a theory with anomaly-generated soft parameters, and with FI terms
respectively, a soft mass for a generic field is given after elimination of the
with γ being the anomalous dimension. (We denote the gauge couplings for SU (3), SU (2), the MSSM U 1 and the new U
g ′ , and g ′′ respectively.) Consequently, after spontaneous symmetry breaking, the effective soft masses of the squarks and sleptons (before including A-parameter and µ s -term mixing effects) are given by
where
3 The consequences of this kinetic mixing have been studied in Ref [20] .
and where
and so on. It is easy to write down the analogous expressions for the other generations. We have included in Eqs. (9),(10) the standard D-term contributions to the masses resulting from the Higgs vevs, together with a contribution S from the (unknown) vevs of the singlets S i . Note that the dependence on the singlet sector is subsumed into ζ 2 , and therefore much of the discussion can be independent of the precise structure of the singlet terms.
The
is not RG invariant (for constant m
is RG invariant (with bothm 2 and m 2 calculated with D uneliminated). This is easily shown using the gauge invariance and anomaly cancellation conditions, together with the general formula for β m 2 given, for example in Ref. [21] . Evidently this invariance continues to hold in the limit that the U 1 gauge couplings approach zero, so we do not even need the U 1 groups to be gauged (or to impose relations like Eq. (7), so that we could then have the same sign for Y ′ L and Y ′ τ c ); though clearly it would be artificial to impose anomaly cancellation conditions in the case of a rigid symmetry. We will therefore persist with a gauged U ′ 1 . The gaugino mass for a gauge coupling g (either g 3 , g 2 , g 1 or g ′′ ) in the AMSB scenario is given by
Moreover, the A-parameters are given by
. (15) 4 The significance of the sign of the gluino mass term is investigated in Ref. [11] .
(We could write down similar results for the first two generation A parameters, but they will have no impact on our calculations since the corresponding Yukawa couplings are small.)
For completeness we record here the expressions for the anomalous dimensions:
In the tree approximation the µ s -term is given by the Higgs minimisation condition:
The masses of the pseudoscalar and charged Higgs bosons are given at leading order by the usual expressions
where we define
The other minimisation condition, 
We find, however, that there is no value of m 0 leading to an otherwise acceptable spectrum and a result for tan β satisfying Eq. (20) . Thus, in common with previous work on the AMSB scenario, we are obliged to assume that m 2 3 arises from an alternative source of supersymmetry breaking, presumably linked to the µ s -term. It is also possible to construct (perturbatively) a RG trajectory for ξ 1,2 so that ξ 1,2 ∼ m 2 0 [21] , but the resulting values of ζ 1,2 are too small for our purpose here.
We choose to normalise the U ′ 1 hypercharge so as to satisfy at the weak scale the relation
which corresponds to equal U 1 and U ′ 1 gaugino masses. We will present results for the case when the s In other words, before applying Eqs. (9), (17) etc., we evolve the dimensionless couplings (together with v 1 , v 2 ) from the weak scale up to the scale M SUSY . Evidently in order that the FI terms give a positive contribution to both sleptons we require that
It turns out that the most important other constraint comes from requiring m = 104, 649 mg = 1007, (24) where all masses are given in GeV, and M 0 is the gaugino mass for the U ′ 1 . The sleptons τ 1 andẽ L are light because we have chosen a point relatively near one edge. Alternative choices of ζ 1,2 in the interior of the allowed triangle lead to a generally similar spectrum; well away from the edges mτ 1 and mẽ L approach 300GeV. The CP-even Higgs and neutralino masses are sensitive to the singlet sector so we cannot specify them precisely.
However based on the arguments of, for example, Ref. [22] there will be an upper bound on the lighter Higgs of around 140GeV. Because M 2 is the smallest gaugino mass, we also expect a light neutralino approximately degenerate with the light chargino (both being predominantly wino in content) at around 104GeV, with the chargino being heavier due to radiative corrections. The light neutralino may be the LSP; the resulting distinctive phenomenology and the characteristic decayχ ± →χ 0 + π ± are described in Refs. [7] , [14] , [23] , [24] . If ζ 1,2 were to correspond to a point near one of the two appropriate edges of the triangle, the LSP would be a charged scalar lepton. Of course anomalous heavy isotope searches suggest that that a charged LSP is unlikely, but for a contrarian viewpoint on this issue, see for example Ref. [25] , which is also of interest in that it considers the phenomenological footprints of a FI term in the MSSM.
As previous authors have observed [7] , m 2 E and m 2 e c are very nearly equal; this does not extend to the physical masses mẽ L and mẽ R in our framework, because of the FI contributions (the same observation applies to some other resolutions of the tachyonic slepton problem, see e.g. Ref. [6] ). Finally, the lightest strongly-interacting particle is the lighter stop,t 1 ; but this is a feature of much of MSSM parameter space.
As we reduce m 0 , or increase tan β, the triangular region of ζ 1,2 satisfying Eq. (23) and m 2 A > 0 diminishes, and moreover, experimental constraints on mχ± 1 or mτ 1 further reduce the allowed region for smaller m 0 or large tan β respectively. In fact, we find that an acceptable spectrum is only possible for m 0 ≥ 35TeV (with tan β = 5) or for tan β ≤ 27 (with m 0 = 40TeV). For smaller tan β, the spectrum is similar to Eq. (24) , but the allowed triangle begins to shrink as tan β → 2, a value approaching (as it happens) the quasi-infra-red fixed point for λ t .
We have taken g ′′ very small by taking s 2 i large and imposing Eq. (22) . For larger values of g ′′ the allowed parameter space is still determined by the triangle, and the broad features of the spectrum remain the same.
The most distinctive feature of the model presented here is the existence of sum rules for combinations of masses in which the dependence on ζ 1,2 cancels. We find
